Centrioles are large macromolecular assemblies important for the proper execution of fundamental cell biological processes such as cell division, cell motility, or cell signaling. The green algae Chlamydomonas reinhardtii has proven to be an insightful model in the study of centriole architecture, function, and protein composition. Despite great advances toward understanding centriolar architecture, one of the current challenges is to determine the precise localization of centriolar components within structural regions of the centriole in order to better understand their role in centriole biogenesis. A major limitation lies in the resolution of fluorescence microscopy, which complicates the interpretation of protein localization in this organelle with dimensions close to the diffraction limit. To tackle this question, we are providing a method to purify and image a large number of C. reinhardtii centrioles with different orientations using super-resolution microscopy. This technique allows further processing of data through fluorescent single-particle averaging (Fluo-SPA) owing to the large number of centrioles acquired. Fluo-SPA generates averages of stained C. reinhardtii centrioles in different orientations, thus facilitating the localization of distinct proteins in centriolar sub-regions. Importantly, this method can be applied to image centrioles from other species or other large macromolecular assemblies.
Introduction
The centriole is an evolutionarily conserved organelle that lies at the core of the centrosome in animal cells and can act as a basal body (referred to as centrioles hereafter) to template cilia or flagella in many eukaryotes 2. Purification of C. reinhardtii centrioles 1. Centrifuge the cw15-cells at 600 x g for 10 min in 50 mL conical tubes. Wash the pellet of cells 1x with 50 mL of 1x PBS and spin it at 600 x g for 10 min. Resuspend the pellet in 100 mL of room-temperature deflagellation buffer with a pipette. 2. Deflagellate the cells with a pH shock by slowly adding drops of 0.5 M acetic acid to a final pH of 4.5-4.7 on a magnetic stirrer and incubate the cells for 2 min. Slowly add drops of 1 N KOH to restore the pH to 7.0. 3. Centrifuge the cells at 600 x g for 10 min to remove any detached flagella. Remove the supernatant and store the pellet on ice. Wash the pellet 2x with 50 mL of 1x PBS precooled at 4 °C. Then, spin the pellet at 600 x g for 10 min at 4 °C. 4 . Resuspend the pellet in 30 mL of 1x PBS and slowly load the suspension onto a 25%-sucrose cushion of 20 mL without mixing ( Figure  1B ). 5. Spin at 600 x g for 15 min at 4 °C to remove the remaining flagella in the supernatant; the cells are spread in the 25% sucrose ( Figure  1C) . Keep only the bottom-most 20 mL (red arrow, Figure 1C ) by carefully aspirating the supernatant using an aspirator. 6. Wash the remaining 20 mL by adding 20 mL of cold 1x PBS. Spin the sample at 600 x g for 10 min at 4 °C. Resuspend the pellet in 10 mL of cold 1x PBS (at 4 °C). Ensure that there are no clumps so that the following lysis hits all the cells at once. 7. Transfer the resuspended pellet to a new 250 mL bottle. Add 100 mL of the lysis buffer supplemented with 5,000 units of DNase to the cells. It is important to add the lysis buffer to the cells, and not the other way around. Incubate the mixture for 1 h at 4 °C and mix it carefully by inverting the bottle every 15 min without forming any bubbles. 8. Centrifuge the lysed cells at 600 x g for 10 min at 4 °C in a 50 mL conical tube to remove any cell debris. If the lysis has been performed correctly, the cell pellet should be white ( Figure 1D ). Collect the supernatant with a pipette and load it onto a 30 mL roundbottom tube containing a 60%-sucrose cushion, placed on ice. Then, spin the tube at 10,000 x g for 30 min at 4 °C. NOTE: Several round-bottom tubes (Table of Materials) may be needed, depending on the volume of the supernatant. 9. Aspirate the supernatant up to 1 mL above the sucrose cushion. Note the yellow interface between the 1 mL of the remaining supernatant and the 2 mL of the sucrose cushion. Gently mix the sucrose and the remaining supernatant with a cut P1000 tip. Do not vortex at this step; otherwise, the procentrioles can be lost at this stage. Pool all sucrose cushions and store them on ice. 10. Prepare a 40%-to 70%-sucrose gradient in a thin-walled 38.5 mL polypropylene tube by gently adding 3 mL of 70% sucrose (at 4 °C), followed by 3 mL of 50%, and finally, 3 mL of 40% sucrose. Load the pooled interfaces onto the 40%-to 70%-sucrose gradient; do this slowly because the cold sucrose is very viscous. Balance the tubes with the 10 mM K-PIPES buffer (pH 7.2) and centrifuge them at 68,320 x g (e.g., with an SW32Ti rotor) for 1 h and 15 min at 4 °C. 11. Collect 12x 500 µL fractions at 4 °C by making a hole in the bottom of the tube with a 0.8 mm needle without disturbing the different sucrose layers. With a cut P200 pipette tip, prepare additional 10 µL aliquots from each fraction that will be used for the following immunofluorescence. Snap-freeze the fractions in liquid nitrogen. NOTE: Isolated centrioles can be analyzed by electron microscopy to ensure that the overall ultrastructure of the centrioles is preserved. NOTE: Here we used 12 mm coverslips, but the protocol can be adapted for 18 mm coverslips using 30 ml round-bottom tubes. 3. Add 5 ml of pre-cooled 10 mM K-PIPES (pH 7.2) at 4 °C. Make sure that the coverslip is not floating and stays down on the adaptor.
Quantification of Isolated Centrioles on
Place the tubes on ice.
2. Centrifugation of the centrioles 1. Dilute each 10 µL fraction with 100 µL of cold 10 mM K-PIPES (pH 7.2). Resuspend the dilution well until the complete disappearance of the sucrose (Figure 2A) . Load each diluted fraction into a round-bottom tube. 2. Spin the tube at 10,000 x g for 10 min (e.g., with a JS-13.1 swinging bucket rotor) at 4 °C. 3. Recover the coverslip by inserting a handmade hooked device into the hole present in the slotted edge of the adaptor and lift it up gently. NOTE: The handmade hooked device can be made with syringe needle manually hooked and molded onto a homemade stick (Figures 2B-2D ). 4. Upon reaching the top of the round-bottom tube, trap the edge of the adaptor with a gloved finger and remove the coverslip with tweezers. Be careful to remember which side of the coverslip contains the centrioles. Proceed to treat the coverslips for immunofluorescence.
3. Immunofluorescence staining and imaging of isolated C. reinhardtii centrioles NOTE: See Figure 2 . 1. Prepare the material for immunofluorescence staining as follows. 1. Prepare a cover-glass staining rack in a crystal polystyrene transmission lab box (60 mm in length by 50 mm in width by 43 mm in height). Fill it with 100% methanol and store it at -20 °C. 2. Prepare a humid chamber. For this, assemble the humid chamber by placing a water-humidified tissue alongside the inside edges of a square Petri dish ( Figure 2E) . Add a piece of laboratory sealing wrap (see Table of Materials) to the middle of the 
Concentration of Centrioles onto the Center of the Coverslips
NOTE: See 2. Centrifugation 1. Place a sterile 12 mm coverslip onto the recessed, bottom-end of the concentrator, keeping the PDL coat facedown. Cap the coverslip by placing the adaptor directly on top. Invert the round-bottom tube and place it over the concentrator, coverslip, and adaptor. 2. Gently push the ensemble with tweezers until it reaches the bottom of the round-bottom tube, and invert the tube. Add 10 mM K-PIPES buffer (pH 7.2) to the round-bottom tube until it comes to the top of the concentrator. Make sure that there do not remain any bubbles in the central cylinder of the concentrator. 3. Gently add 100 µL of 10 mM K-PIPES buffer (pH 7.2) to one aliquot containing enriched centriole fraction and thoroughly mix the volume. 4. Remove 100 µL of 10 mM K-PIPES buffer (pH 7.2) from the hollow center of the concentrator and add 100 µL of the enriched centriolar fraction in 10 mM K-PIPES buffer (pH 7.2) to the hollow center of the concentrator, taking care that the contents remain in the hollow center. 5. Centrifuge at 10,000 x g for 10 min (e.g., with a JS-13.1 swinging bucket rotor) in a pre-cooled centrifuge at 4 °C. 6. Remove the concentrator with tweezers. 7. Recover the coverslip by inserting a handmade hooked device into the hole present in the slotted edge of the adaptor and lift it up gently. Upon reaching the top of the round-bottom tube, trap the edge of the adaptor with a gloved finger and remove the coverslip with tweezers. Be careful to remember which side of the coverslip contain centrioles. Proceed to treat the coverslips for immunofluorescence. NOTE: The handmade hooked device can be made with a syringe needle manually hooked and molded onto a homemade stick (Figures 2B-D) . 8. Perform fixation and immunofluorescence staining of concentrated centrioles as done in step 3.3.2-3.3.4.
Single-particle Averaging
NOTE: See 1. Imaging for Single-particle Averaging 1. Mount the coverslip on a slide using a regular anti-fading mounting medium. Perform structured illumination microscopy (2D SIM) imaging using a CFI Apochromat TIRF objective (100X, NA 1.49, WD 0.12mm) and a back illuminated EM CCD camera. NOTE: The acquisition time was set to 100 ms at a camera read out of 3 MHz. A 2.5X lens was used for SIM imaging. NOTE: The dataset presented here was acquired on a 3-D SIM microscope (see Table of Materials) .
Representative Results

C. reinhardtii Centriole Isolation:
To isolate centrioles, cw15-C. reinhardtii cells were grown in liquid culture for several days under light and subsequently pelleted by centrifugation at 600 x g for 10 min. Pelleted cells were washed 1x with PBS and resuspended in a deflagellation buffer prior to deflagellation by performing a pH shock using 0.5 M acetic acid to a final pH of 4.5-4.7 for 2 min ( Figure 1A ). An addition of 1 N KOH was used to restore pH to 7.0. To separate detached flagella from cell bodies, deflagellated cells were first centrifuged to remove the bulk of the flagella. The pellet was then washed 2x with PBS and resuspended in 30 mL of PBS prior to loading it slowly on a 25%-sucrose cushion ( Figure 1B) . The tube was spun at 600 x g for 15 min at 4 °C to remove most of the detached flagella. After centrifugation, the cell bodies were spread in the sucrose cushion ( Figure 1C ) and recovered by removing the approximately 30 mL of supernatant (until the red arrow in Figure 1C) . The resulting 20 mL of washed cells were then resuspended in 20 mL of cold PBS and centrifuged at 600 x g for 10 min. Next, the supernatant was discarded, and the cells were completely resuspended in 10 mL of PBS. The cells were transferred to a 250 mL bottle and the lysis buffer was added to the resuspended cells at once. DNase was added to the lysis and incubated for 1 h at 4 °C. After a centrifugation step to remove cell debris (see the white pellet in Figure 1D ), the supernatant was collected and carefully loaded onto a 2 mL 60%-sucrose cushion prior to centrifugation at 10,000 x g for 30 min at 4 °C. Note that for 100 mL of lysis, 8 tubes of 15 mL were used to perform this step, corresponding to 12.5 mL of lysis buffer loaded on 2 mL of sucrose per tube. After centrifugation, most of the supernatant was removed up to 1 mL above the cushion. The 1 mL of remaining supernatant was then collected with the 2 mL cushion and then mixed and pooled to obtain a final volume of 24 mL. The pool was then loaded on a 40%-, 50%-, 70%-sucrose gradient and spun at 68,320 x g for 1 h and 15 min at 4 °C. Finally, the isolated centrioles were collected by making a hole in the bottom part of the centrifugation tube using a needle and the drops were collected in 12 x 500 µL fractions. Due to the high density of the different sucrose, the drop formed very slowly at the beginning (70% sucrose) and then more rapidly (40% sucrose).
Immunofluorescence of Isolated Centrioles
To assess the quality of the isolation procedure, 10 µL of each collected gradient fraction was then centrifuged onto a coverslip using a coverslip support adaptor (Figure 2A-2D) . Importantly, to remove safely the coverslip, a custom hooked device was designed ( Figure 2B) . Next, the coverslips were analyzed by immunofluorescence. Antibodies against CrSAS-6(Bld12p) were used in this study to indicate the presence of the cartwheel structure and α-tubulin (DMA1) to highlight the centriolar wall. By counting the number of centrioles that were positive for both CrSAS-6 and α-tubulin per field of view and then calculating the total number of centrioles per fractions, it was possible to determine which fractions were enriched for isolated centrioles (Figure 2F-2H) . Interestingly, 6 fractions were enriched for centrioles ( Figure 2F and 2G, fractions #1-6), with a peak for fraction #3, while the last fractions were not, indicating that the purification worked. Note that in this particular experiment, 95% of the total centrioles were positive for CrSAS-6 and α-tubulin in fraction #3. This indicates that most isolated centrioles retained their cartwheels. If no enrichment of centrioles is observed in the first fractions, the isolation procedure did not work and should be repeated. Note that some flagellar pieces can be observed mostly in the fractions devoid of centrioles.
Next, to calculate the total number of centrioles per µL, the number of centriole per field of view should be multiplied by the ratio as presented in Figure 2H . The resulting number should then be divided by the volume of the fraction used for the immunofluorescence to obtain the number of centrioles per µL. In this particular isolation procedure, the most enriched fraction contained about 37 centrioles for an area of 0.00846 mm 
Concentration of Isolated Centrioles on Coverslips:
Increasing the number of centrioles per field increases the chance of detecting unambiguous centriole orientation, as well as increasing the chance of detecting similar orientations that can be used for further particle averaging procedures. As centrioles from the concentrated fractions are still sparse on the coverslip, we developed a centrifugation accessory to concentrate centrioles in the middle of the coverslip ( Figure 3A) named a concentrator. Note that a .stl file with the precise measures for 3-D printing is provided with this manuscript.
First, one coverslip of 12 mm was mounted on the concentrator (Figure 3B) . The adaptor was placed on top of the coverslip and the roundbottom tube was inverted and placed over the assembled adaptor and concentrator. The round-bottom tube was then gently inverted, thus allowing the loading of the sample (Protocol step 4.2). The centrioles were then centrifuged at 10,000 x g for 10 min at 4 °C. After that, the centrioles were subjected to immunofluorescence and stained for CrSAS-6/Bld12p and α-tubulin (Figure 3C-3E) . Importantly, without concentrator, about 30 centrioles were seen per field of view (Figure 3C) , whereas 183 centrioles were seen per field of view when the concentrator was used (Figure 3D-3F) . Note that the centrioles covered only a disk of 4 mm in diameter in the middle of the coverslip. This result demonstrates that the concentration step works and allows a 6-fold enrichment of centrioles in a defined region of the coverslips, thus easing their detection and imaging.
Fluorescent Single-particle Averaging of Isolated C. reinhardtii Centrioles: Here, using SIM microscopy that can reach a resolution of about 120 nm, centrioles stained for monoglutamylated tubulin (GT335, Figure 4) , a tubulin modification present in centriolar microtubules, were imaged 24 . C. reinhardtii centrioles are about 500 nm long, always in pairs, and often found with associated, newly duplicated probasal bodies (referred to as procentrioles hereafter) and striated microtubule-associated fibers 19 . Therefore, this final assembly was about 1 µm large. For this reason, and in order to image the centrioles in their entirety, we recommend acquiring a Z-stack on the isolated centrioles. 
Discussion
One of the challenges in biology is to decipher the precise localization of proteins in an architectural context. The centriole is an ideal structure to apply these methods, as its architecture has been studied using cryo-electron tomography, revealing interesting ultrastructural features along its length. However, due to its dimensions close to the resolution limit in optical microscopy, it is difficult to precisely localize a protein by immunofluorescence to a structural sub-region of the centriole using conventional microscopes 30 .
The resolution in optical microscopy is limited by the diffraction of light that gives, roughly, a lateral maximum resolution of 200 nm in optical microscopy 24 . However, this limit has been by-passed by one of the major breakthroughs of the last 20 years in optical microscopy: the invention of super-resolution methods. These approaches can image beyond the diffraction limits at different resolutions: 120 nm for SIM, about 50 nm for stimulated emission depletion (STED), and 20-40 nm for single-molecule localization microscopy (SMLM) 24 . With these new developments of super-resolution microscopy, the structural sub-regions of the centriole are attainable. However, in practice, it is still difficult to accurately determine the localization of a protein to a structural element for the main reason that the mature centrioles exist in only 2 copies per cell and have random orientations, which makes the interpretation of localization difficult. For this reason, a protocol was set up that allows researchers to image by super-resolution a large number of centrioles, increasing the chance to observe non-ambiguous orientations. Importantly, as this method relies on the use of isolated centrioles, we are providing a method to purify intact C. reinhardtii centrioles that contain mature centrioles and procentrioles.
Finally, owing to the range of centriole orientations that can be imaged with this protocol, single-particle analysis can be applied using electron microscopy software. This results in the generation of average classes of centrioles in a particular orientation. Importantly, these resulting 2-D images can then be used to assess the localization of a specific protein along the centriole. Indeed, this method can be applied to dual-color super-resolution images, and one color can be used to reveal the centriole skeleton (e.g., tubulin), while the other color can be attributed to a specific centriolar protein. By subtracting the averages obtained with one color or two colors, it becomes easier to register a protein along the centriole (proximal, central, or distal). Note that the two channels should be accurately aligned to prevent any misleading interpretations. Moreover, averages of top views will help decipher if a protein localizes inside the centriolar lumen, along the microtubule wall, or outside the centriole.
This method has the advantage to ascertain the localization of specific proteins that could be difficult to localize otherwise due to heterogeneous labeling. Note that other methods to map proteins within the centrioles have been described in correlative 3-D SIM/SMLM with, for instance, assessing the specific orientations of the centrioles by determining the elliptical profile of a marker forming a torus around the centriole by SIM imaging. Using this parameter, it is possible to localize protein with a precision of 4-5 nm 30 . Note also that the method described here uses isolated centrioles with intact procentrioles, a sign that the centriole architecture is most likely largely conserved. However, we cannot exclude that some architectural features are disturbed during purification, such as the centriole diameter varying with the concentration of divalent cations as amplified with the isolation of the human centrosome 5 .
One of the critical steps of the protocol presented here is to obtain sufficiently concentrated isolated centrioles in different orientations amenable to Fluo-SPA. To do so, first ensure the purity and the efficiency of the centriole isolation procedure. A low concentration of isolated centrioles will prevent proper imaging and further image processing. For this purpose, we are providing a method to enrich the number of centrioles per field of view. Depending on the number of centrioles in the fraction used, the volume loaded in the concentrator should be adjusted, with a maximum volume of 250 µL.
Importantly, this method has been developed for a cell wall minus cw15-C. reinhardtii cells. In this strain, the fragility of the cell wall allows for a proper lysis of the cells and, thus, the liberation of its content. This protocol is not efficient for wild-type C. reinhardtii cells, as the cell wall prevents a proper lysis. Alternative strategies such as sonication or a pre-incubation of the cells with autolysin, an enzyme that can degrade the cell wall 31 , would have to be put in place to alter the cell wall prior to applying the isolation protocol presented here.
This set-up can be used with different types of microscopes, ranging from conventional confocal microscopes to high throughput dedicated super-resolution microscopes. Note that when doing SMLM, a special buffer is required for proper imaging and, thus, a chamber adapted for a 12 mm coverslip with the buffer on top of the coverslip should be used. Subsequent imaging will be performed with inverted microscopes. If the microscope set-up does not allow a 12 mm coverslip, the protocol presented here can be applied to 18 mm coverslips using a 30 mL roundbottom tube and a modified adaptor and concentrator. It is also important to note that the quality of the final reconstruction in SMLM will depend on the quality of the staining and of the primary antibody used, as well as the method of fixation.
In summary, we are providing a method that can be applied to image numerous centrioles followed by Fluo-SPA that will generate averages of centrioles in different orientations, thus helping to localize centriolar protein with precision. Importantly, this method can be applied more generally to isolated centrioles from other species, to other organelles, or to large macromolecular assemblies. Finally, the sample preparation approach presented here, combined with recent algorithm development for single-particle analysis of fluorescent SMLM data 32 , could open further improvement in the molecular cartography of large macromolecular assemblies.
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